INTRODUCTION
Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) is one of the most widely used pesticides for controlling certain annual broadleaf weeds and grasses in North America. As a result of its widespread use and relatively high water solubility and persistence, it has been identified as a principal contaminant of surface waters [1] . The documented presence of atrazine in surface waters has prompted a large number of studies on its potential adverse effects on aquatic organisms. A comprehensive database of ecological effects of atrazine, including toxicity testing with 47 saltwater species and 85 freshwater organisms, was recently compiled, indicating that freshwater algae are among the most susceptible of all aquatic species [1] .
Recent studies have indicated that different algal divisions and species apparently have different sensitivity to atrazine [1] [2] [3] and that algal responses to atrazine vary widely depending upon concentrations used, duration of exposure, and algal species tested. Recently, we compared atrazine susceptibility of four diatoms and four green algae over 7-to 28-d exposures [4] . Generally, there was a broad range of sensitivity among species and between divisions of algae tested, with green algae being 4 to 10 times more sensitive to atrazine than diatoms.
Herbicides recommended for the selective control of unwanted weeds have been developed to exploit differences in phytotoxicity between species and are effective at killing competing weeds without significantly reducing crop yields [5] . The selective properties of herbicides often result from a complex interaction of a number of factors including (1) differential uptake of herbicides, (2) differential metabolism of herbicides to nontoxic end products, and (3) differential sensitivity of the target sites. However, there are many examples where one dominant factor has been implicated. This is certainly true in the case of herbicide uptake and movement in vascular plants [6] . Significant differences in uptake of three herbicides among three divisions of freshwater algae (green algae, blue-green algae, and diatoms) have been reported [7] . Such differences could also contribute to differences in herbicide toxicity among freshwater algae.
Atrazine inhibits photosynthesis of most plants, including freshwater algae, and its mode of action involves competition for binding to the Q B protein (32-kDa protein) with plastoquinone in photosystem II [8, 9] . To inhibit the photosynthetic process of freshwater algae, atrazine must be absorbed intracellularly. The sorption of the herbicide to algal cells is a prerequisite for its action at the chloroplast membrane. The objectives of the present study were to examine whether bioconcentration capacities of freshwater algae are related to differential sensitivity to atrazine and to examine the biophysical properties (volume and surface area) of the algal cell that may affect atrazine bioconcentration.
MATERIALS AND METHODS

Algal species and culture conditions
Four species of green algae and four species of diatoms were used in all experiments. Test species were selected based on their availability in culture collections and their ability to grow under similar conditions (temperature, lighting, and nutrition). Green algae (Chlamydomonas sp., Chlorella sp., Pediastrum sp., and Scenedesmus quadricauda) were obtained from Carolina Biological Supply (Burlington, NC, USA). Diatoms (Cyclotella gamma, C. meneghiniana, Synedra acus, and S. radians) were obtained from the Loras College culture collection (Dubuque, IA, USA). All algae were grown under axenic conditions. Green algae were grown in WC freshwater medium [10] , and diatoms were grown in modified Chu#10 medium [11] . Cultures were incubated at 20°C with alternate 14/10 light/dark cycle using cool white fluorescent light. Cultures were shaken at 110 rpm for 7 to 10 d to obtain algal cultures in exponential growth phase. 
Dry mass measurement
A method modified from Tan et al. [12] was used to determine the relationship between dry mass and optical density of the freshwater algae. A stock algal cell suspension (14-15 d old) was diluted with growth medium into a dilution series with varying optical densities. After measurement of optical densities at 680 nm, dilutions of the cell suspensions were filtered through a preweighed Whatman GF/A filter, which was then dried at 105°C for 2 h and weighed again. Three replicate samples were measured for each dilution. The relationships between dry mass (milligrams per milliliter) and optical density (OD 680 ) were determined by regression analysis for each species. A strong correlation between optical densities and dry mass of the algae tested was obtained with r 2 values >0.978 for all species tested, indicating that optical density of algal cell suspensions could be used to estimate dry mass for each species.
Uptake and bioconcentration of atrazine by freshwater algae
Prior to initiating uptake experiments, OD 680 was measured for each species, and the concentrations were adjusted with sterilized medium to 0.1 mg dry mass per milliliter of suspension based on previously determined calibration curves of OD 680 versus dry mass. Algal suspensions (15 ml) were distributed into autoclaved test tubes, and 14 C-atrazine diluted in ethanol was added to each tube to achieve a final atrazine concentration of 40 μg/L, which was sublethal to all species tested [4] .
The test tubes were incubated under the same conditions as stock cultures, and, at various time intervals (5, 30, and 60 min and 3, 6, and 24 h) after addition of 14 C-atrazine, four test tubes were randomly withdrawn and their OD 680 was measured. The entire sample was then filtered through a Whatman GF/C glass fiber filter to collect algal cells. The filters were washed with 3 × 5 ml of cold atrazine solution (0.5 ppm) to displace labeled atrazine that was loosely absorbed to the cell surface. Filters were then placed in scintillation vials containing two drops of bleach to decolorize the sample and 0.5 ml of tissue solubilizer to release internalized radioactivity. The filters were then incubated for 3 h at 45°C. Radioactivity present in both the filtered cells and in 1-ml aliquots of the growth medium was determined by liquid scintillation counting. Sample counts were corrected for quenching. Counting efficiency was automatically determined with a 14 C internal standard program. Uptake was measured from four different suspensions for each species.
Measurement of cell volume and surface area of the freshwater algae
A minimum of 25 cells from late-exponential or stationary phase (9-to 10-d-old) cultures (in absence of atrazine) were randomly selected using a hemocytometer grid to determine mean cell volume and surface area for each species [2] . Appropriate geometric shapes (i.e., Chlamydomonas, sphere; Chlorella, sphere; Pediastrum, each cell in colony is a flat cylinder; Scenedesmus quadricauda, cylinder; Cyclotella, cylinder; and Synedra, rectangular box) were chosen for each test species, and cell biovolume and surface area were calculated using the BIOVOL program [13] . Cellular dimensions (e.g., length, width, and depth) were measured according to the designated geometric form using an ocular micrometer-equipped Nikon compound microscope.
Data analysis
The methods used to quantify atrazine uptake do not distinguish between absorption (internalization) and adsorption to the cell surface [14, 15] . Therefore, the term uptake was used to designate the combination of these two processes. To compensate for radioactivity bound to filters in the absence of algae, all sample counts were compared to controls containing only medium and 14 C-atrazine. The radioactivity present in blanks was subtracted from the counts present in the cells. Atrazine uptake was expressed as nanograms of atrazine per milligram of dry mass and nanograms of atrazine per cubic millimeter of algal biovolume. Uptake percentage of the amount of atrazine initially available in solution was also calculated.
Bioconcentration of chemicals by aquatic organisms is generally expressed as the bioconcentration factor (BCF), which is the ratio of the substance's concentration sorbed to the organism to that dissolved in the surrounding medium [15] [16] [17] . Atrazine BCFs were calculated for each species by dividing the adsorption density of atrazine taken up by algae (expressed both in biovolume and dry mass) by the concentration of atrazine remaining in the growth medium. Significant differences among the BCFs were determined by analysis of variance, and differences among treatment means were determined by Duncan's multiple range test [18] .
The relationship among atrazine toxicity, BCF, and cell size (volume and surface area) and the relationship among total atrazine uptake, total cell volume, and total cell surface area were analyzed by linear regression analysis. The analysis of variance for each regression was used to estimate significant relationships.
RESULTS
Cell size
Individual cell biovolume and surface area varied widely among the algal species tested (Table 1) , although, in general, the diatoms selected were larger than green algae. The total standing crop biovolume (cubic millimeters) and surface area (square millimeters) at 24 h of the algal species tested were also calculated based on individual cell biovolume, surface area, and cell density in the medium (Table 1) . It is apparent that green algae had greater total biovolume and surface area than diatoms at the same dry mass concentration (0.1 mg/ml), indicating that diatoms were more dense than green algae. Therefore, both dry mass and biovolume were used in calculating atrazine uptake and bioconcentration for each species.
Bioconcentration of atrazine
The kinetics of atrazine uptake in each algal species based on dry mass, biovolume, and percent of total are shown in Figure 1 . Atrazine, which is a moderately lipophilic compound with a log K ow of 2.56 at 25°C [19] , was rapidly taken up from the medium by all the algal species tested. Nearly 90% of maximum atrazine uptake by a given species occurred within the first hour of exposure.
However, the green algae tested continued to exhibit a slight increase in atrazine concentration up to 6 h but did not change significantly between 6 and 24 h. In contrast, the diatoms exhibited little change or even a slight decrease in atrazine concentration beyond 3 h. Although atrazine concentrations within algal cells reached their maximum very quickly, the total amount of atrazine taken up was very small. For green algae, the percentage of atrazine taken up did not exceed 3% of the available atrazine in solution, and, for diatoms, the percentage taken up did not exceed 1% ( Figure 1C ). Recovery of 14 C-atrazine was ≥ 90% for all species tested.
The 24-h exposure data were used to calculate bioconcentration capacities among algal species (Table 2) , based on both dry mass and biovolume. There were large differences in uptake abilities among species and between the two divisions of freshwater algae tested. Results indicated that the uptake of atrazine by green algae was significantly greater than that of diatoms after 24 h. The BCFs of green algae were significantly (p < 0.05) greater than those of diatoms in all instances. At 24 h, the BCFs of green algae ranged from 130.5 to 324.1 based on dry mass and 94.4 to 200.9 based on cell biovolume, whereas the BCFs for diatoms ranged from 8.0 to 45.5 and 11.7 to 69.4 for dry mass and biovolume, respectively. Table 2 . Atrazine bioconcentration factors in freshwater algae 
Toxicity correlation
The quantitative correlation between atrazine toxicity and algal cell size was determined by regression analysis. Toxicity measurements were derived previously from estimates of values of concentration with 50% effectiveness (EC50) based on reduction in chlorophyll a content after 14 d of exposure for the same algal species used in uptake and bioconcentration experiments [4] . The relationship among algal cell biovolume, surface area, surface to volume ratio, and BCF (based on both dry mass and biovolume) with EC50 values were examined (Figure 2 ). Both cell volume and surface area were significantly correlated with toxicity, although the surface to volume ratio was only significant at p < 0.1. There was no significant correlation with BCF when estimated based on dry mass or biovolume. Cell biovolume provided the strongest predictor of algal sensitivity to atrazine exposure.
DISCUSSION
The results of this study indicate that the various freshwater algal species differ significantly in their capacity to accumulate atrazine from solution and that the examined green algae accumulate higher concentrations of atrazine than diatoms. Within each algal division studied, different species also displayed different bioconcentration capacities. These differences could be due to specific morphological and physiological characteristics of the cells, such as lipid content, and the structure and composition of cell walls. Additionally, differences in cell size and density appear to contribute to differences in atrazine bioconcentration. The characteristic high surface area to biovolume ratio of freshwater algae suggests a high potential for sorption and subsequent interaction with pesticides. In general, results of this investigation indicate that species having a smaller cell size accumulated higher amounts of atrazine relative to larger species. These results are consistent with those of Rice and Sikka [20] , who reported similar results for dichlorodiphenyltrichloroethane accumulation.
A significant correlation was observed between cell size and toxicity to the freshwater algae studied. This correlation suggests that different degrees of atrazine accumulation might contribute to differences in the toxicity of atrazine and that bioconcentration might be a prerequisite for toxicity. A similar correlation between bioconcentration and toxicity has been observed in other algal species [2, 13] . Algal cell size and morphology has been shown to play an important role in nutrient uptake, photosynthesis, respiration, and regulation of waste products [2] . It is likely that the admission of toxicants and the subsequent response may also be a function of cell size. Similar correlations have been associated with pollution tolerance in zooplankton [21] and in phytoplankton where toxic response has been correlated with cell size [22, 23] . Kent and Currie [2] observed that the ratio of the square root of surface area to the cubic root of volume was a good predictor of algal sensitivity to the insecticide fenitrothion. In contrast to their results, the strongest predictor of algal sensitivity in our study was cell biovolume. Generally, green algae were smaller in Figure 2 Correlation between atrazine toxicity (see text for detail) and cell size as measured by cell biovolume (A), surface area (B), the surface to volume ratio (C), and BCFs based on both dry mass (D) and biovolume (E) for selected freshwater algal species. Diatoms represented by open circles and green algae by closed circles. both biovolume and surface area than diatoms, and, the smaller the biovolume, the lesser the internal atrazine levels required to evoke inhibition. It should be noted that for at least one of the diatom species (S. radians) tested, a smaller size was correlated with a higher sensitivity to atrazine despite a relatively low BCF. These results suggest that cell size influences bioconcentration of atrazine, and different degrees of bioconcentration, in turn, may affect atrazine toxicity. However, it should be noted that factors other than cell size, such as lipid content and cell structure, may influence bioconcentration of toxicants and subsequent toxicity.
The present results allow some insight into the mechanisms of the herbicide uptake in algal cells. Sorption of organic compounds by microorganisms is mainly a passive process that is driven by chemical partitioning into the hydrophobic biomass [24] . The time necessary to reach equilibrium for sorption appears to be very short and has been reported to vary from a few minutes to a few hours for other algal species [25] [26] [27] . It is well known that lipid-soluble substances easily pass into cells through the cell wall [28] . The uptake of atrazine by the algae examined was extremely rapid. During the first 1 to 3 h of exposure, all algal species reached 80 to 90% of their maximum uptake levels, which apparently represented an equilibrium concentration as the levels of atrazine uptake did not change significantly for up to 24 h. The uptake of atrazine by freshwater algae might be considered to consist of an initial rapid phase (a few minutes) due to the affinity of the atrazine molecule to the algal cell surface, which is independent of environmental conditions, followed by a slower uptake process, which may be due to membrane transport of atrazine into the algal cells. The transport of atrazine through the cell membrane into algal cells may be influenced by many factors, such as the structure and composition of the cell membranes and specific binding to photosystem II components of the chloroplast.
In summary, atrazine uptake by the freshwater algae tested was extremely rapid and reached a maximum level 3 to 6 h after initial exposure. The uptake appears to consist of two phases: an initial rapid phase due to the affinity of the atrazine molecule to the algal cell surface and a subsequent slower internalization, which may be due to membrane transport of atrazine into the algal cell. The accumulation of atrazine was consistently higher in green algae relative to diatoms, and, within each division, different species had different bioconcentration capacities. These differences are apparently correlated with differences in cell size among the two divisions. There was a strong relationship between algal sensitivity and cell size. The ability to bioconcentrate atrazine was highly correlated with cell volume and surface area in the tested algal species.
Bioconcentration and toxicity of pesticides, determined by the use of selected organisms from different trophic levels and taxonomic groups, are important criteria for ecological hazard assessment for aquatic environments [14] . Given the importance of freshwater algae as primary producers, an understanding of the mechanisms of atrazine-selective toxicity may allow assessment of community-level effects. Results from this investigation indicate that atrazine sensitivity among freshwater algae is related to bioconcentration capacity, and different levels of bioaccumulation seem to be at least partially attributable to different cell size (cell biovolume and surface area). The relationship among algal cell size, atrazine bioconcentration, and toxicity supports the idea that bioconcentration is a prerequisite for herbicide toxicity in algae and suggests that algal cell size may serve as an indicator of sensitivity. Although other factors may also play a role in algal sensitivity to atrazine, an integrated consideration of cell size, bioconcentration, and toxicity appears to be important to assessing atrazine effects on freshwater algae.
